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Enterovirus 71 (EV71) is a frequent cause of hand, foot, and mouth disease (HFMD) epidemics associated
with severe neurological sequelae in a small proportion of cases. There has been a significant increase in EV71
epidemic activity throughout the Asia-Pacific region since 1997. Recent HFMD epidemics in this region have
been associated with a severe form of brainstem encephalitis associated with pulmonary edema and high case
fatality rates. In this study, we show that four genetic lineages of EV71 have been prevalent in the Asia-Pacific
region since 1997, including two previously undescribed genogroups (B3 and B4). Furthermore, we show that
viruses belonging to genogroups B3 and B4 have circulated endemically in Southeast Asia during this period
and have been the primary cause of several large HFMD or encephalitis epidemics in Malaysia, Singapore, and
Western Australia.

Since the initial description of enterovirus 71 (EV71) in the
medical literature in 1974 (27), outbreaks of infection with this
virus have occurred periodically throughout the world (1, 9, 12,
13, 15, 16, 26). EV71 infection manifests most frequently as a
mild childhood exanthem known as hand, foot, and mouth
disease (HFMD) and is clinically indistinguishable from
HFMD caused by the closely related virus coxsackievirus A16
(CA16). In addition, a small proportion of acute EV71 infec-
tions are associated with severe neurological disease (1, 9, 12).

EV71 and CA16 are two distinct serotypes belonging to the
human enterovirus A species (18). A recent study of EV71
evolution (2) has demonstrated the development of three in-
dependent genetic lineages (A, B, and C) over a 30-year pe-
riod. Genogroup A includes a single virus, the prototype strain
BrCr-CA-70. All other EV71 strains so far identified belong to
either genogroup B or C, which are divided into two sublin-
eages, B1 and B2 and C1 and C2, respectively (2).

Since 1997, several large epidemics of EV71 infection have
occurred in the Asia-Pacific region, the first being reported in
Sarawak (Malaysian Borneo) in 1997 (5, 6), followed by
smaller outbreaks in peninsular Malaysia in 1997 (20) and
Singapore in 1998 (28). As with previous EV71 epidemics,
numerous cases of HFMD were reported, with neurological
complications arising in a small proportion of cases. In addi-
tion, many cases of brainstem encephalitis with pulmonary
edema and a high case fatality rate (7, 21) were described
during these outbreaks. Twenty-nine fatal cases of this disease
were reported in Sarawak (5, 6) and twelve in peninsular Ma-
laysia (20). During 1998, a large HFMD epidemic due to EV71
occurred in Taiwan in which 405 cases of severe neurological

disease and 78 fatal cases of brainstem encephalitis and neu-
rogenic pulmonary edema were reported (14, 19). In 1999, a
large epidemic of HFMD due to EV71 occurred in Perth,
Western Australia (WA) (23), and included 14 cases of severe
neurological disease, although no fatal cases were identified.
EV71 epidemic activity has continued in the region during
2000–2001, with EV71 isolation from cases of HFMD and
encephalitis in Sarawak, peninsular Malaysia, Singapore, and
WA.

In this study, we report on the molecular epidemiology of
EV71 outbreaks in Malaysia, Singapore, and WA between
1997 and 2001. The 66 EV71 strains examined in this study,
together with the year of isolation, source of virus isolate,
associated clinical illnesses, and GenBank accession numbers
are listed in Table 1. Virus isolation was undertaken in cell
culture, and all isolates were formally identified by neutraliza-
tion using the EV71-specific polyclonal antiserum 385JS (16).

Viral RNA was extracted from cell culture supernatant using
either the QIAamp viral RNA extraction kit (Qiagen) or the
High Pure viral nucleic acid extraction kit (Roche) and the
VP1 gene amplified by reverse transcriptase-PCR (RT-PCR).
RT-PCR was undertaken in a one-tube reaction (50 ml) con-
taining 5ml of viral RNA, 25 pmol of each primer, 50 mM
Tris-HCl (pH 8.3), 2 mM MgCl2, 0.2 mM deoxynucleoside
triphosphate mix, 16 U of RNase inhibitor, 12 U of avian
myeloblastosis virus reverse transcriptase, and 2 U of Taq
DNA polymerase. First-strand cDNA synthesis was for 30 min
at 42°C. Samples were then subjected to 35 cycles of denatur-
ation at 94°C for 30 s, annealing at 47°C for 45 s, and extension
at 68°C for 1 min. The VP1 gene was amplified in two over-
lapping fragments using primer pairs 159/162 and 161/NP1A
(2). The two enterovirus VP1 gene cDNA fragments were gel
purified, and both strands were sequenced.

Alignment of the complete VP1 gene sequences was under-
taken using the ClustalW program (11, 29). Phylogenetic trees
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TABLE 1. Clinical isolates used in the phylogenetic analysis of EV71a

Origin, yr, and strain Specimen typeb Clinical association GenBank accession no.

Sarawak 1997
MY6/2/SAR/97 Stool Acute cardiogenic shock AF376075
MY16/1/SAR/97 Vesicle HFMD AF376073
MY21/2/SAR/97 Vesicle Meningitis AF376074
MY104/9/SAR/97 Throat Acute cardiogenic shock AF376072
MY755/3/SAR/97 Vesicle HFMD AF376076
MY821/3/SAR/97 Vesicle Meningitis AF376077
MY860/3/SAR/97 Vesicle HFMD AF376078

Sarawak 1998
S10822/SAR/98 Stool HFMD AF376079
S10862/SAR/98 Stool HFMD AF376080
S11051/SAR/98 Throat HFMD AF376081

Sarawak 2000
CN0942/SAR/00 Rectal swab HFMD AF376070
CN04104/SAR/00 Vesicle HFMD AF376067
CN062334/SAR/00 Rectal swab Brainstem encephalitis/myocarditis AF376068
CN9502/SAR/00 Rectal swab HFMD AF376071
S12172/SAR/00 Vesicle HFMD AF376082
S12502/SAR/00 Vesicle HFMD AF376083
S2861/SAR/00 Vesicle HFMD AF376085
S21082/SAR/00 Vesicle HFMD AF376084
S40201/SAR/00 Throat HFMD AF376086
S40221/SAR/00 Vesicle HFMD AF376087
SB0635/SAR/00 Throat HFMD AF376069
SB1191/SAR/00 Vesicle HFMD AF376064
SB1647/SAR/00 CSF Meningitis AF376065
SB2864/SAR/00 Throat Poliomyelitis-like paralysis AF376066

Singapore 1998
3526/SIN/98 Stool Encephalitis AF376116
3799/SIN/98 Throat HFMD AF376117
4284/SIN/98 Stool HFMD AF376118
4350/SIN/98 Vesicle HFMD AF376119
4575/SIN/98 Stool HFMD AF376120

Singapore 2000–2001
5511/SIN/00 Stool HFMD AF376121
5536/SIN/00 Stool HFMD AF376122
5546/SIN/00 Rectal swab Myocarditis AF376123
5556/SIN/00 Mouth HFMD AF376124
5769/SIN/00 Throat Encephalitis AF376125
5859/SIN/00 Brain Encephalitis AF376126
5869/SIN/00 Tonsil Encephalitis AF376127
5881/SIN/00 Stool Encephalitis AF376128
5926/SIN/00 Brain Encephalitis AF376129
2027/SIN/01 Brain Encephalitis AF376111
2120/SIN/01 Mouth HFMD AF376112
2123/SIN/01 Vesicle HFMD AF376113
2267/SIN/01 Stool Febrile illness AF376114
2386/SIN/01 Vesicle HFMD AF376115

Western Australia 1999
1M/AUS/3/99 Stool Guillain-Barré syndrome AF376097
2M/AUS/3/99 Stool Myelitis AF376103
3F/AUS/3/99 Throat Opsomyoclonus syndrome AF376104
4F/AUS/4/99 Stool Guillain-Barré syndrome AF376105
5M/AUS/5/99 CSF Meningitis AF376106
6F/AUS/6/99 CSF Brainstem encephalitis/myelitis AF376107
7F/AUS/6/99 Throat Meningitis AF376108
8M/AUS/6/99 CSF Myelitis AF376109
9F/AUS/6/99 CSF Cerebellar ataxia AF376110
10M/AUS/6/99 Stool HFMD AF376088
11F/AUS/6/99 Throat Meningitis AF376089
12F/AUS/6/99 Throat Meningitis AF376090
14F/AUS/9/99 CSF Benign intracranial hypertension AF376091
15M/AUS/8/99 Vesicle HFMD AF376092
16F/AUS/6/99 Vesicle HFMD AF376093
17M/AUS/5/99 Vesicle HFMD AF376094
18F/AUS/6/99 Vesicle HFMD AF376095
19M/AUS/6/99 Vesicle HFMD AF376096
20F/AUS/6/99 Vesicle HFMD AF376099
25M/AUS/2/99 Throat Febrile illness AF376100
26M/AUS/2/99 Stool HFMD AF376101
27M/AUS/2/99 Vesicle HFMD AF376102

Western Australia 2000
1M/AUS/12/00 Vesicle HFMD AF376098

a VP1 sequences of BrCr-CA-70, 2609-AUS-74, 2610-AUS-74, 2623-AUS-86, 2640-AUS-95, 2641-AUS-95, 2642-AUS-95, 2644-AUS-95, 2258-CA-79, 7628-PA-87,
7673-CT-87, 7238-AK-87, 2222-IA-88, 0926-OR-91, 2286-TX-97, 0756-MAA-97, 18-SIN-97, and CA16-G10-51 have been previously published (2, 3, 25, 28). VP1
sequences of EV71 strains TW-1465-98 (AF116814), TW-1567-98 (AF116810), TW-1743-98 (AF116816), TW-2086-98 (AF119796), NCKU9822 (AF136379) (30), and
2289-MAA-97 (AF135914) were obtained from GenBank. SAR, viruses from Sarawak, Malaysia; SIN, viruses from Singapore; AUS, viruses from WA.

b CSF, cerebrospinal fluid.
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were constructed by neighbor joining using the Kimura two-
parameter distance method (17) with Phylip, version 3.5 (10),
and trees were drawn with the program TreeView (24). The
reliability of the neighbor-joining tree was estimated by boot-
strap analysis using 1,000 pseudoreplicate data sets generated
by the program Seqboot (11). The previously published VP1
sequences of BrCr-CA-70, 2609-AUS-74, 2610-AUS-74, 2623-
AUS-86, 2640-AUS-95, 2641-AUS-95, 2642-AUS-95, 2644-

AUS-95, 2258-CA-79, 7628-PA-87, 7673-CT-87, 7238-AK-87,
2222-IA-88, 0926-OR-91, and 2286-TX-97 (2, 3) were used to
reconstruct the three EV71 genogroups (A, B1/2, and C1/2)
identified by Brown et al. (2). In addition, the VP1 sequences
of five Taiwanese EV71 strains from the 1998 epidemic,
TW-1465-98 (AF116814), TW-1567-98 (AF116810), TW-1743-
98 (AF116816), TW-2086-98 (AF119796), and NCKU9822
(AF136379) (30), two VP1 sequences from EV71 strains

FIG. 1. Phylogenetic trees showing genetic relationships among 66 EV71 field isolates based on alignment of the complete VP1 gene sequence
(nucleotide positions 2442 to 3332). Branch lengths are proportional to the number of nucleotide differences. Most strain names indicate a unique
number/country or U.S. state of isolation/year of isolation. The trees were constructed by neighbor joining using the Kimura two-parameter dis-
tance method (17). The bootstrap values in 1,000 pseudoreplicates for major lineages within the tree are shown as percentages. The marker denotes
a measurement of relative phylogenetic distance. In panels B and C, the branches for genogroup A (BrCr-CA-70) and the outgroup (CA16-G10-
51) have been removed from the dendrograms to save space. (A) Simplified dendrogram showing genogroups A, B, and C identified by Brown et
al. (2). (B) Detailed dendrogram of strains belonging to genogroup B. (C) Detailed dendrogram of strains belonging to genogroup C.
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isolated in peninsular Malaysia during 1997, 2289-MAA-97
(AF135914) and 0756-MAA-97 (AF135935) (2), and a VP1
sequence from the 1997 Singaporean EV71 isolate 18-SIN-97
(AF251359) (28) were obtained from GenBank. The VP1 se-
quence of the prototype CA16 strain G-10 (U05876) (25) was
included in the phylogenetic analysis as an outgroup.

Phylogenetic analysis of the 66 EV71 isolates was based
on the alignment of complete (891 nucleotide) VP1 gene
sequences and construction of phylogenetic trees using the
neighbor-joining method (Fig. 1). The majority of the EV71
strains isolated in Sarawak, Singapore, and WA since 1997
belong to two new genetic lineages within genogroup B (Fig.

1A and 1B); we have called these new lineages B3 (Malaysia
1997, Singapore 1998, and WA 1999) and B4 (Malaysia and
Singapore 2000–2001) to distinguish them from the previously
described B1 and B2 lineages (2). The separation of geno-
groups B3 and B4 from one another and from genogroups B1
and B2 is strongly supported by bootstrap analysis. Our inter-
pretation of the phylogenetic data contrasts with that of Singh
et al. (28), who suggested that recent EV71 isolates from Sin-
gapore and Malaysia belong to a completely new genogroup,
which they labeled genogroup D. In the Singh et al. study (28),
phylogenetic analysis was based on a smaller number of nucle-
otides within VP1 (341 nucleotides) than in our study, in which

FIG. 1—Continued.
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the complete VP1 gene (891 nucleotides) was analyzed. As
shown in Fig. 1A, our analysis has accurately reproduced the
A, B1/2, and C1/2 genogroups identified by Brown et al. (2).
Using this approach, it is clear that the recent Southeast Asian
EV71 strains are more closely related to EV71 strains within
genogroup B, with which they show 89 to 91% nucleotide
sequence identity, than to viruses from genogroups A and C,
with which they show 79 to 83% nucleotide sequence identity.

Genogroup B3 (Fig. 1B) comprises viruses isolated in pen-
insular Malaysia, Sarawak, Singapore, and WA between 1997
and 1999; the nucleotide sequence identity of virus strains
within genogroup B3 is .97%. Genogroup B4 is composed
primarily of viruses isolated in Sarawak and Singapore during
2000–2001; the nucleotide sequence identity of virus strains
within genogroup B4 is .98%. Genogroups B3 and B4 show
90 to 92% nucleotide sequence identity with one another and

89 to 91% nucleotide sequence identity with viruses from geno-
groups B1 and B2. Although viruses belonging to genogroups
B3 and B4 appear to be derived from an unidentified common
ancestor, their phylogenetic relationship to one another re-
mains unclear. Genogroup B3 viruses circulated widely in
Southeast Asia and WA between 1997 and 1999 but have not
been isolated since that time. Although genogroup B4 viruses
have been predominant in the region during 2000–2001, it is of
interest that viruses belonging to this genogroup were identi-
fied in Singapore as early as 1997 (18-SIN-97) and in Taiwan
during the 1998 epidemic (TW-1743-98). These data clearly
indicate that genogroups B3 and B4 have cocirculated in the
Asia-Pacific region since 1997 and that genogroup B4 has not
evolved recently from genogroup B3.

It is also apparent that several sublineages of genogroups B3
and B4 have circulated in Malaysia and Singapore (Fig. 1B),

FIG. 1—Continued.
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suggesting that these genetic lineages circulated endemically in
Southeast Asia for a considerable time prior to 1997. By con-
trast, genogroup B3 viruses isolated during the WA HFMD
epidemic appear to belong to a single genetic lineage and are
closely related to viruses isolated in Sarawak during 1997
(.99% nucleotide sequence identity). This, together with the
failure to identify EV71 by routine surveillance until 1 month
prior to the epidemic (P. C. McMinn, unpublished data), sug-
gests that EV71 was introduced into WA immediately prior to
the onset of the epidemic.

The phylogenetic relationships between recent Asian and
Australian EV71 isolates belonging to genogroup C are pre-
sented in Fig. 1C. Several viruses belonging to genogroup C1
were isolated from cases of uncomplicated HFMD in Singa-
pore and Sarawak during 1998 and in Sarawak and WA during
2000. Two lineages of genogroup C1 have circulated in the
Asia-Pacific region between 1997 and the present. Lineage 1
(.98% nucleotide sequence identity) appears to have been con-
fined to Sarawak during 1998 (S10822/SAR/98, S10862/SAR/
98, and S11051/SAR/98). Lineage 2 (.98% nucleotide se-
quence identity) circulated more widely within the region dur-
ing 1997 (0756-MAA-97), 1998 (4575/SIN/98), and 2000 (S40221/
SAR/00 and 1M/AUS/12/00). These two lineages show 94 to
95% nucleotide sequence identity with one another and 91 to
93% identity with other members of genogroup C1.

A group of viruses isolated during the 1999 HFMD epidemic
in WA belong to genogroup C2. These viruses show 98 to 99%
nucleotide sequence identity to one another and 95 to 97%
identity to other members of genogroup C2. The WA geno-
group C2 viruses are most closely related to EV71 strains iso-
lated in Victoria (eastern Australia) in 1995 (96 to 97% nucle-
otide sequence identity) and to genogroup C2 viruses isolated
in Taiwan in 1998 (95 to 96% nucleotide sequence identity).
The WA genogroup C2 viruses have formed two independent
genetic lineages (Fig. 1C), both of which are closely related to
viruses isolated in Victoria in 1995, suggesting that these vi-
ruses have descended from strains previously circulating in
Australia. From our analysis, it appears that genogroup C2 was
the major source of virus for the Taiwanese HFMD epidemic
in 1998 (Fig. 1C), although an isolate belonging to genogroup
B4 (TW-1743-98) was also identified (Fig. 1B). In contrast to
our data, Chu et al. (8) have suggested that a new genetic
lineage within genogroup C, which they have called genogroup
C3, was primarily responsible for the 1998 Taiwanese HFMD
epidemic. Unfortunately, direct comparison with our data is
not possible, as the VP4 region rather than VP1 was chosen for
the phylogenetic analysis in this study.

The genetic determinants of EV71 virulence remain un-
known. During the EV71 epidemic in WA, viruses belonging to
lineage 1 of genogroup C2 were isolated from all of the iden-
tified cases of severe neurological disease and from only one
case of uncomplicated HFMD (Table 1, Fig. 1C). By contrast,
genogroup B3 viruses were isolated mainly from children with
uncomplicated HFMD and aseptic meningitis and from cases
of postinfectious neurological disease (Table 1, Fig. 1B). The
VP1 gene has been shown to be a source of virulence deter-
minants in animal models of both coxsackievirus B4 (4) and
poliovirus chimeras (22). In order to determine if mutations in
the VP1 gene were associated with the observed differences in
neurovirulence of the WA viruses, we compared the VP1 de-

duced amino acid sequences of genogroup C2 (lineage 1) vi-
ruses from WA with VP1 consensus amino acid sequences for
EV71 (2), genogroups A, B, and C (2), and CA16 (25). A
partial VP1 deduced amino acid sequence alignment is pre-
sented in Fig. 2. Amino acid position 170 is part of a highly
conserved region of the enterovirus VP1 protein and has an
alanine residue in CA16 and in all of the EV71 consensus
sequences. Five genogroup C2 (lineage 1) isolates (2M/AUS/
3/99, 5M/AUS/5/99, 6F/AUS/6/99, 8M/AUS/6/99, and 9F/AUS/
6/99), obtained from children with severe neurological disease
during the WA epidemic (23), have an identical amino acid
sequence in VP1, including an alanine to valine (A3V) sub-
stitution at position 170. The earliest virus isolate belonging to
this lineage (27M/AUS/2/99), obtained from a case of uncom-
plicated HFMD in February 1999, has alanine (wild type) at
position 170 in VP1. This is the only amino acid difference in
VP1 between 27M/AUS/2/99 and the five other members of
the lineage. All other EV71 isolates examined in this study,
including the two WA genogroup C2 (lineage 2) isolates 7F/
AUS/6/99 and 14F/AUS/9/99, have alanine at VP1 position
170. These data indicate that the VP1 170(A3V) substitution
may be associated with increased neurovirulence of EV71.
However, as we have not examined the complete nucleotide
sequences of the six WA genogroup C2 (lineage 1) viruses, we
cannot rule out the possibility that observed differences in the
clinical outcome of infection are due to other factors, such as
attenuating mutations within other regions of the viral ge-
nome, or to different host susceptibility factors.

In contrast to the WA genogroup C2 viruses, there does not
appear to be a single “neurovirulent” strain of EV71 associated
with fatal cases in the Asia-Pacific region. Genogroup B3 and
B4 viruses have been isolated from fatal cases in Sarawak,
peninsular Malaysia, and Singapore, and a genogroup C2 virus
was isolated from a fatal case in Taiwan (30). Furthermore,
fatal pulmonary edema cases were not seen in WA despite the
isolation of genogroup B3 strains with a VP1 nucleotide se-
quence almost identical to that of viruses isolated from fatal
cases in Sarawak and Singapore (Fig. 1B). Examination of the
deduced VP1 amino acid sequences of genogroup B3 and B4
viruses did not provide evidence for specific amino acid resi-

FIG. 2. Partial alignment of deduced VP1 amino acid sequences
(residues 150 to 200) of the EV71 isolates from WA belonging to
genogroup C2. The deduced amino acid sequence in the same region
of VP1 is also shown for CA16-G10-51 (25), the EV71 consensus
sequence (2), genogroup A (BrCr-CA-70), consensus sequences for
genogroups B and C (2), and the 1998 Taiwanese isolate NCKU9822
(30). Amino acid residues that are identical to those in the EV71
consensus sequence are denoted with hyphens.
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dues linked to severe or fatal cases (data not shown). Alterna-
tive explanations for the pathogenesis of brainstem encepha-
litis and pulmonary edema may be that virulence determinants
for this syndrome are located within other regions of the EV71
genome or that the disease results from an interaction between
EV71 and other concurrent viral infections, as has been sug-
gested for adenoviruses (5). In this study, viruses from geno-
group C1 were cultured only from isolated cases of uncompli-
cated HFMD, suggesting that this genogroup may have lower
epidemic and neurovirulence potential than viruses belonging
to genogroups B3, B4, and C2. Other recent genogroup C1
isolates from this region were also obtained from cases of
uncomplicated HFMD, including 2640-AUS-95 (M. Kennett,
personal communication) and 0756-MAA-97 (2).

In conclusion, recent EV71 epidemic activity in the Asia-
Pacific region (1997 to 2001) has been caused by viruses be-
longing to at least three genogroups, B3 (Southeast Asia and
WA), B4 (Southeast Asia and Taiwan), and C2 (Taiwan and
WA). Viruses belonging to genogroup C1 have shown low-
level endemic activity in the region over the same time period.
Genogroup C2 (lineage 1) viruses isolated during the WA
epidemic were strongly linked to severe neurological disease.
The increased neurovirulence of these viruses is associated
with an A3V mutation at amino acid position 170 in VP1. The
VP1 170(A3V) mutation appears to be a marker for a neu-
rovirulent lineage, and it is possible that this mutation is a
virulence determinant. Further studies on the role of this res-
idue in the neurovirulence of EV71 will be undertaken by site-
directed mutagenesis of an infectious cDNA clone of EV71
(R. J. Hurrelbrink and P. C. McMinn, unpublished data).
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